We consider a cosmological model with an interaction between dark matter and dark energy which leaves the background cosmology unaffected and only affects the evolution of the perturbations. This is achieved by introducing a coupling given in terms of the relative velocities of dark matter and dark energy. This interaction has the distinctive feature of appearing predominantly on small scales, where peculiar velocities can become important. We confront the predictions of the model to cosmological observations and find a potential alleviation of the known tension in the amplitude of density perturbations as measured by low redshift galaxy surveys and the Planck data. The model also predicts a shift in the turnover of the matter power spectrum which does not depend on the horizon at equality (fixed by the background cosmology and, thus, unaffected by the perturbations) and is entirely due to the interaction between dark matter and dark energy. A bias in the peculiar velocity between baryons and dark matter is also shown to be a unique feature of this type of interactions in the dark sector.
Introduction
In the last decades, cosmological measurements from Type Ia supernovae (SNeIa) [1, 2] , the Cosmic Microwave Background (CMB) anisotropies [3] [4] [5] , Large Scale Structures (LSS) [6] [7] [8] , Integrated Sachs-Wolfe (ISW) effect [9] [10] [11] , and weak lensing [12] , strongly indicate that the universe is presently undergoing an accelerated expansion and established ΛCDM as the standard model of cosmology. This model depicts a present universe largely dominated by Dark Energy (DE), in the form of a cosmological constant, and Dark Matter (DM), required to be sufficiently cold as to drive the formation of structures today. This model thus conforms a universe dominated by a dark sector whose true nature however remains elusive, but its success lies in its ability to explain most of the above cosmological observations. It has however some theoretical problems (such as the cosmological constant problem [13, 14] or the coincidence problem [15] [16] [17] [18] [19] [20] [21] ) that have triggered an intense activity in the development of models for both DM and DE. Moreover, from the observational point of view, there are some unexplained tensions arising from several observational probes: One is the tension between the measured σ 8 from low redshift galaxy surveys [22] which is lower than the inferred σ 8 obtained from the CMB dataset from Planck [5] . The second important tension arises from local measurements of the Hubble constant [23, 24] which are in conflict with the predictions made from the Planck CMB observations [5] . These discrepancies can be due to systematic effects in the methods used for measurements [25, 26] , or they could indeed indicate that our cosmological model does not perfectly describe the observed universe and could signal physics beyond ΛCDM. Considering the latter possibility, in this paper we explore a model for the dark sector which may alleviate the differences between low redshift surveys and high redshift observations. Our model is based on a dark matter component which is coupled to dark energy via a non-gravitational interaction and this coupling can indeed help alleviating the σ 8 tension, while it will have nothing to say about the tension in the Hubble constant because the background evolution of the dark sector remains unaltered.
Models for interacting dark energy -dark matter have been proposed for the first time long ago. The main original motivation was to alleviate the coincidence problem because, for a coupled system, it is more natural to have attractor solutions where all components have comparable density parameters. On the other hand, our uncertainty on the underlying mechanisms for both DM and DE leads to the reasonable doubt to what extent these components are completely decoupled (other than gravitationally) and, thus, to the logical exploration of interactions in the dark sector. There are many different models according to the type of coupling between DM and DE, the nature of the DE field, the choice of the self-interacting potential for the DE, etc. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . A large number of studies were conducted to study the features and signatures of interacting models both at cosmological and astrophysical scales (see for instance ).
While the large majority of the coupled dark energy models have a strong effect at both the background cosmology and at the perturbation level, the model we explore here has the remarkable feature that the interaction in the dark sector only affects the inhomogeneous perturbations, while the background cosmology remains unmodified. An interaction similar to the one we will explore here was considered in [65] (see also [66, 67] ), where a possible elastic scattering between DM and DE was suggested. There it was already recognised that interactions in the dark sector can leave the background cosmology unaffected. The invoked mechanism was a DM-DE interaction giving rise to an elastic scattering with momentum transfer but without energy transfer, similar to the Thomson scattering of photons and baryons before recombination. We will find similar properties for our interaction in this work. Another framework where it was noticed the possibility of having a dark sector that only interacts at the perturbative level was the general scenario for interacting DM and DE developed in [68] , where they dubbed this type of interaction pure momentum exchange. See also [69] for a general parameterized Post-Friedmann (PPF) framework of an interacting dark sector where DE is described by a scalar field.
The approach that we will follow in this work is more phenomenological than the ones mentioned in the previous paragraph, but it can be readily related to them. One advantage of our framework is that it will allow for more directly pinpointing the effects entirely due to the interaction, for instance by keeping the sound speed of DE equal to one. Of course, this comes at the expense of having less theoretically well-motivated models. In any case, our different approach will complement the ones already studied in the literature and we will seize the opportunity to comment on some interesting consequences that have not been sufficiently stressed thus far. Our phenomenological model-building framework will be based on directly modifying the conservation equations of the dark sector, while Einstein equations and ordinary matter conservation equations will remain the same. More explicitly, we will construct our interaction by introducing a coupling given in terms of the relative velocities of DM and DE. As explained above, this interaction has the remarkable feature that will only appear on small scales, where peculiar velocities can become important, but the super-horizon (as well as the background) cosmology remains the same. This is so thanks to the cosmological principle according to which the large scale frame of all the components should coincide, i.e., peculiar velocities should tend to zero as we take larger and larger scales. The possibility that dark energy could have a different large scale rest frame from the rest of components has been explored in e.g. [70] [71] [72] [73] . In these models, our interaction would have effects also at the background level. However, since we are interested in maintaining the background unaffected we will not consider this possibility here, although it could also give rise to an interesting and distinctive phenomenology. The nice feature of our class of interactions is that it allows to modify the evolution of the cosmological perturbations from purely sub-horizon physics (interactions in the dark sector) and not at the expense of changing some cosmological parameters. This is somewhat similar to the Effective Field Theory of DE [74] where the background and the perturbations are conveniently disentangled. As a consequence, these interactions open up the possibility of modifying the growth of structures for a given amount of matter fixed by the background cosmology, which is oblivious to the interaction in the dark sector. The feasibility of this mechanism was in fact shown within the elastic scattering of DM-DE model [66] and the PPF frameworks [50] . We will confirm this tendency with the model under consideration in this work. This paper is organized as follows: In section 2 we introduce the interacting dark energy model. We study initial conditions and evolution of dark matter perturbations analytically in section 3. In section 4 we discuss the most interesting features obtained from the numerical solutions. Section 5 is devoted to confronting the model to cosmological observations. Finally, we discuss our conclusions in section 6.
Interacting model
In this section we will introduce the model that we will use throughout the present work. In a general model featuring interactions between DM and DE, the usual conservation equations are modified to
where Q ν describes the interaction between both components and we impose conservation of the DM-DE system so that ∇ µ (T µν (DM) + T µν (DE) ) = 0. This means that the equations for photons, baryons and neutrinos will remain the same. Furthermore, we will assume that both DM and DE components are well-described by a perfect fluid so that their energy-momentum tensors will be given by
with ρ (i) and p (i) their corresponding energy densities and pressures and u (i) their comoving 4-velocities. Since we want an interaction that only affects the inhomogeneous perturbations while the background cosmology remains unmodified, a natural choice is a coupling given in terms of the relative velocities of dark matter u µ (DM) and dark energy u µ (DE) so we will assume
with α measuring the strength of the interaction. In principle, α can be a function of time (e.g. it can be a function of the densities and/or pressures of the fluids), but for the sake of simplicity we will assume it to be a constant parameter (at least for the scales of interest to us). Since the large scale rest frames of dark matter and dark energy are assumed to be the same, this interaction will only appear on small scales, where peculiar velocities can become important. The background cosmology will be assumed to be that of a spatially flat Friedmann-Lemaître-Robertson-Walker (FLRW) universe described by the line element
4)
expressed in cosmic t and conformal τ time respectively. We then have the usual conservation equations for the background
the dark energy equation of state parameter, and H = a /a the conformal Hubble parameter (a bar stands for a quantity evaluated on the background and a prime indicates derivative with respect to conformal time). As advertised, this evolution is oblivious to the interaction and only the perturbations will be sensitive to it. On the other hand, the gravitational field equations are not (directly) affected by the interaction between dark matter and dark energy, since we impose conservation of the DM-DE system, so we have the usual Einstein equations
with G µν the Einstein tensor and T µν the total momentum-energy tensor. The background cosmological evolution for the universe containing radiation (R), baryons (B), dark matter and dark energy is thus given by the usual Friedmann equation
Let us now turn to the more interesting sector of the scalar perturbations (we will not consider vector nor tensor perturbations in this work). We will follow here the notation and conventions of Ref. [75] . The perturbed metric in the Newtonian gauge is given by
with Ψ and Φ the two gravitational potentials. From the off-diagonal Einstein equations we obtain that these two potentials are equal, which is of course a consequence of working within GR and neglecting any anisotropic stress. It is also useful to consider the synchronous gauge, which is defined by the perturbed line element being
where the perturbed spatial metric is written in terms of the scalar perturbations h and η as h ij = diag(−2η, −2η, h + 4η), where, without loss of generality, we assume that the perturbations propagate in the z-direction (or, in other words, the corresponding wave vector points along the z-direction).
The perturbations of the dark energy fluid will be characterized by its sound speed c 2 s that relates the pressure and the density perturbations. The proper definition of this quantity, for it to be gauge invariant, is in the rest frame (rf) of the fluid so that (see e.g. [76] [77] [78] )
where the rest frame of the fluid is defined as the one where T 0 i = 0. In an arbitrary frame we then have
the adiabatic sound speed. Notice that the second equality also holds for our interacting model because the interaction only appears at the perturbative level, while the background evolution of the fluids is the usual one described by Eqs (2.5) . In general, if the interaction has a non-vanishing background contributionQ 0 , the above expression should be modified to
Thus, another remarkable property of the interaction used in this work is that also the adiabatic sound speed is oblivious to the interaction, as a consequence of having a vanishing interaction at the background level.
Since the interaction term is determined by the relative velocity of the dark matter and dark energy components, it is useful to give here the expressions for the perturbed 4-velocities, which are given by 15) in conformal (con) and synchronous (syn) gauge respectively. In both cases, we have defined the 3-velocities as v = d x/dτ in the corresponding coordinates. As usual, for the scalar part of the velocity perturbation, we will use the variable θ ≡ i k · v, defined in Fourier space. The important point that we want to stress here is that, under a gauge transformation δx µ = ξ µ , the interaction changes with the Lie derivative as δQ µ = −ξQ µ which is identically zero by virtue of the vanishingQ µ . This implies that the interaction term is gauge invariant to first order and, therefore, it is a physical quantity. This will be useful when interpreting the numerical results. Due to the gauge invariance of the interaction at first order, we can compute it in any gauge and this will be valid in all gauges. For instance, in the synchronous gauge we have that the temporal component of the 4-velocities of the fluids are not perturbed and, consequently, we will have that δQ 0 = 0. This means that the zero components of the first order conservation equations will remain the same and only the momentum equations will be affected. For this reason, this type of interaction was dubbed pure momentum exchange in [50] . Thus, the conservation equations in synchronous gauge are
while in Newtonian gauge they read
where we have assumed a constant dark energy equation of state parameter, i.e. w = 0, and we have introduced the quantities
so that ζ and Rζ measure the strength of the interaction for dark matter and dark energy, respectively. Let us notice the formal resemblance of these equations with the drag terms proportional to ζ and those of the photon-baryon plasma before recombination where baryons and photons interact through Thomson scattering. This similarity was taken further in [65] where the interaction was assumed to arise through an elastic scattering of DM and DE. Our approach will reduce to the model considered there by assuming a time-dependent interaction with Rζ an DM σ D , i.e., the interaction is proportional to the DM abundance n DM and the corresponding cross-section of the dark sector σ DM . Our assumption of a constant coupling parameter α will then lead to a differently evolving ζ. In particular, while the elastic scattering model gives rise to a decaying coupling, our assumption leads to a growing one so that our interaction in fact becomes more important at late times, while at early times it is negligible. However, let us notice that it will still have an effect on the velocities at early times, as we will explain below.
As discussed above, we see that the interaction only affects the momentum equation and it is the same in both gauges as it should. The effect of the interaction is determined by the parameters introduced in (2.24) as compared to the Hubble expansion rate H. This ratio can be conveniently expressed as
where we have normalized the Hubble function to its value today H 0 as E(z) = H(z)/H 0 and we have introduced the dimensionless parameter
We will denote τ ζ the time at which the interaction becomes efficient. This is nothing but the usual competition between the interaction rate and the expansion rate that determines the efficiency of an interaction in an expanding universe. On the other hand, the parameter R measures how much more (R > 1) or less (R < 1) important the interaction is in the dark energy sector. It can be readily expressed in terms of the redshift as
This expression goes as R ∼ (1 + w (DE) ) −1 (1 + z) 3 1 so we see that the interaction will be more important in the dark energy sector than in the dark matter sector throughout the evolution of the universe (see Fig. 1 ). The gravitational Einstein equations will be the same as in the standard non-interacting case, because they do not contain the interaction explicitly. Thus, the linearized Einstein equations in synchronous gauge are
while in the Newtonian gauge they take the form
where the sums over A run over all the components in the universe, i.e., photons, neutrinos, baryons, dark matter and dark energy.
Evolution of the perturbations
Now that we have introduced the model, let us discuss some of its main features before analysing the numerical solutions. The first thing to keep in mind is that, given the form of our interaction, effects will only appear for sub-Hubble modes, meaning that the super-Hubble modes will evolve as usual in the ΛCDM model (barring the small modifications owed to considering an equation of state parameter slightly different from −1). Thus, we can focus our discussion on the sub-Hubble modes where the effects will be more prominent, except when discussing the initial conditions. As explained above, the interaction becomes relevant for the dark energy much earlier than for the dark matter. However, the density contrast of dark energy is so small that the leading effect actually comes from the interaction in the dark matter sector. We will confirm this later from the numerical solutions.
Behaviour in the radiation epoch: Initial conditions
We will start our analysis by studying the initial conditions so we will consider the behaviour for modes well outside the horizon and deep in the radiation era. At sufficiently early times, the interaction will be such that Rζ H so we can safely neglect it for now. The only possible issue would be the presence of some growing mode due to the interaction, but that is not the case for the interaction at hand. As usual, the metric perturbation in the synchronous gauge will evolve according to the growing mode
where C is the k−dependent constant to be matched to the primordial spectrum generated during inflation. The dark matter and dark energy fluids will quickly reach the attractor solution driven by h. Since the dark matter velocity perturbations will be very small, we have that the dominant contributions in the dark matter equations are
We find the usual growth of the dark matter density contrast and the novel effect due to the interaction that the dark matter velocity is driven by ζθ (DE)syn . In fact, this is the reason why we cannot use the residual gauge freedom of the synchronous gauge to set θ (DM)syn = 0 as in the standard non-interacting case. On the other hand, the dark energy perturbations equations in this regime are well approximated by
It is not difficult to see that the attractor of these equations is the inhomogeneous solution driven by h, which reads
7)
This attractor solution was also obtained in [79] . The solution for the DE velocity perturbations will then source the DM velocity perturbation according to (3.3) . During radiation we have ζ = α * H 0 τ 4 /Ω (DM),0 so that the dark matter velocity perturbation is given by
where we have neglected the sub-dominant constant mode. We then see how the interaction, even if it is completely negligible deep in the radiation dominated epoch, has the non-trivial effect of sourcing the DM velocity with a very rapidly growing mode θ (DM)syn ∝ τ 8 . Notice that the dark matter velocity perturbation is greatly suppressed with respect to the dark energy velocity because the interaction ζ is assumed to be much smaller than H in the radiation era. More specifically, from the evolution equation for θ (DM)syn we have
deep in the radiation era which in turn confirms the validity of our assumption that θ (DM)syn θ (DE)syn at very early times (see Fig. 3 ).
Dark matter density contrast
We will now focus on the evolution of the density contrast of dark matter, which is in fact the relevant one to study the expected effects in the matter power spectrum. In order to gain some intuition, let us consider the second order differential equation for δ (DM)con in the Newtonian gauge obtained by eliminating the velocity perturbation from Eqs (2.20) and (2.21) so we have
The last term in this expression is of the order of the dark energy density contrast, as can be seen in (2.22) . Since this quantity is negligible throughout the universe evolution, we can safely drop it and finally obtain the result that the dark matter density contrast will evolve according to
which coincides with the usual equation except that now the friction term is given by H + ζ. This means that, as long as ζ/H 1, the evolution will mimic that of the standard ΛCDM cosmology. As we explained above, it is this quantity rather than ζR that determines when the interaction will give rise to new effects despite having R 1.
By combining Eqs (2.20) and (2.22) , it is possible to find the following equation for sub-Hubble modes
As already mentioned and as we will confirm from our numerical solutions, the density contrast of dark energy perturbations are negligible as compared to the dark matter density contrast so we can neglect the second term of the LHS in the above equation and obtain
This relation means that, once the interaction becomes fully efficient, the two components, namely dark matter and dark energy, are tightly coupled so that they have the same velocity perturbation and, consequently, the density contrast in the dark matter will freeze. This means that, once the interaction locks the DM-DE system, the growth of structures ceases, thus giving rise to a suppression in the matter power spectrum. We will confirm this result below from the numerical solutions.
In the next section we will modify the publicly available Boltzmann code Cosmic Linear Anisotropy Solving System (CLASS) [80] to incorporate the effects of the interaction under consideration in this work and we will furthermore use the Monte Python code [81, 82] to obtain the corresponding constraints on the interaction strength.
Numerical results
In this section, we will present the results obtained from the modified CLASS code including the interaction. We will use the usual cosmological parameters supplemented by the parameter α * that measures the strength of the interaction. For the dark energy equation of state parameter we will choose w (DE) = −0.98 in order to fix it and to avoid some divergences in the perturbation equations. Moreover, we will fix its sound speed c 2 s(DE) = 1. Since we want to study the effects of the interaction, we will keep all the remaining cosmological parameters fixed to the best fit values of ΛCDM according to Planck 2015 data [5] given by Ω (B) h 2 = 0.02230, Ω (DM) h 2 = 0.1188, H 0 = 67.74 km/s/Mpc, A s = 2.142 × 10 −9 and τ reio = 0.066. Let us recall again that the background cosmology is insensitive of the interaction so that all the effects discussed in this section are genuinely due to the coupling in the dark sector.
CMB and matter power spectra
In Fig. 2 we show the CMB and matter power spectra for different values of the interaction parameter. We can see that the CMB is only modified on large scales, as expected because the interaction is only active at recent times and affects the CMB through a late time Integrated Sachs-Wolfe effect. The interaction affects more notoriously the matter power spectrum because the effect is more direct and not only through the modified gravitational potential. In the lower panels of Fig. 2 we can see that the very large scales beyond the horizon today are not affected by the interaction, again as one would expect because the interaction is designed as to only affect sub-horizon scales. As we go to smaller scales two distinctive regimes can be identified. On sufficiently small scales, there is suppression of the matter power spectrum that does not depend on k, being the suppression more important for larger values of the interaction parameter. At intermediate scales, there is a k-dependent suppression that interpolates between the unaffected large scales and the k-independent small scales suppression. This is easy to understand from the coupling to DE because we are assuming c 2 s(DE) = 1, thus dragging DM, smoothing out its clustering and, consequently, leading to a lower growth of structures. A similar effect can also be achieved in models where DM is coupled to a thermal bath of dark radiation which erases structures in the DM distribution (see e.g. [83] [84] [85] [86] [87] [88] ). A very remarkable feature in the matter power spectrum that is very characteristic of this interacting model is the shift in the turnover. This peak is generally determined by the horizon at equality of matter and radiation because it simply accounts for the less rapidly growth of the density contrast of sub-Hubble modes during radiation as compared to the corresponding growth in the matter epoch (Meszaros effect). Since our interaction does not affect the background, one may expect the turnover to occur at the same equality scale. However, as we discussed above and can be explicitly seen in Fig 3, once the interaction term becomes relevant, the DM-DE system behaves as a single fluid and the growth of structures freezes, similarly to what happens during the radiation era due to the Meszaros effect. This happens for the band of modes that entered after the time when the interaction is turned on and it results in the shift in the position of the turnover that we see. This is a very unique signature of this model that is very hard to replicate with other models, which usually require modifying Ω DM to shift the turnover. However, this shift towards larger scales of the matter power spectrum maximum could be more prominently hidden by biasing effects [89] .
Given that the power spectrum is suppressed by the interaction on sub-Hubble scales, the value of σ 8 can be reduced without modifying the background cosmology, i.e., with the same amount of DM as the standard ΛCDM model. As we will see in the next section, this remarkable feature will indeed help alleviating the σ 8 tension.
In order to gain a better understanding of the interacting model and how the effects on the CMB and matter power spectra are generated, we will now analyse the evolution of the peculiar velocities and density contrasts. This will also allow us to confirm our analytical findings above.
Peculiar velocities
Since the interaction is directly given by the relative velocity of dark matter and dark energy, it will be convenient to analyse the evolution of the peculiar velocities. Fig. 3 shows the evolution of the velocity perturbations of the different components. Let us recall here that the relative velocity that drives the interaction is gauge independent.
In the top-left panel we see the evolution of the peculiar velocities of DM and DE in synchronous gauge. We can see the large hierarchy between the DM and DE velocities in this gauge as obtained in (3.9) and which is induced by the hierarchy between H and the interaction ζ in the early universe. In this plot we can also confirm our analytical estimates in (3.7) and (3.8) for the growth of the peculiar velocities as θ DE ∝ τ 3 and θ DM ∝ τ 8 for DE and DM respectively. In fact, this large hierarchy is responsible for part of the k-dependent suppression on the matter power spectrum. One would naively expect a k-dependent effect for modes that enter between the time when the interaction is efficient, i.e. when ζ ∼ H and today. However, we see that the k-dependent suppression in the matter power spectrum extends to much smaller scales. The reason can be understood as follows in the synchronous gauge: the interaction will tend to lock the DM-DE system so they share the same velocity, but, since the DM velocity started with a value much smaller than the DE velocity, there will be a certain delay for modes that did not enter early enough as to have been able to grow sufficiently by the time when the interaction is turned on. Since very sub-Hubble modes have been growing for a longer time, they are able to catch up with the DE velocity and this effect is no longer there, thus giving the approximately k-independent suppression in the matter power spectrum on very small scales that we see in Fig. 2 .
An interesting effect of the interaction between DM and DE is the appearance of a relative velocity between baryons and DM on small scales 1 . We show this feature in Fig.  3 where we can see how the relative velocity between baryons and DM grows once the interaction is turned on (middle panels). An important consequence of this effect will be a contribution to the bias parameter and an off-center location of galaxies inside DM haloes. that gives rise to acoustic oscillations very much like in the baryon-photon system before recombination. Similar oscillations in the DM sector are also produced when DM is coupled to a thermal background of dark radiation as in e.g. [83, [86] [87] [88] . The analogous role of the dark radiation is played here by DE.
Concerning the DM-baryons relative velocity, it is worth explaining that, in the absence of interactions, it is possible to go to the DM comoving gauge so the relative velocity is dominated by that of baryons. Thus, the oscillations we see in the curve for α * = 0 are in fact the usual baryon acoustic oscillations imprinted at recombination. When the interaction is switched on, the DM comoving gauge is no longer permitted and the DM velocity (in synchronous gauge) then approaches the attractor solution (3.8) on super-Hubble scales in the radiation dominated epoch. This explains the mismatch between the non-interacting (blue-solid curve) and the interacting (remaining non-solid curves) cases seen on large scales in the bottom-right panel of Fig. 3 . For the interacting cases, all the curves coincide on large scales as expected and the relative velocities grow as we go to smaller scales. The growth is not very sensitive to the value of the coupling parameter α * and we see that the velocities can become substantially appreciable on small scales, what will lead to the aforementioned bias between galaxies and DM haloes.
Density perturbations and Newtonian potential
We now turn our attention to the evolution of DM and DE density perturbations that will eventually determine the growth of structures and that we show in Fig. 4 . In the upper-left panel we show the evolution of the DM density contrast (in conformal gauge) for a given Fourier mode (k = 0.1 h/Mpc) and different strengths of the interaction. We see that the evolution is the same as in ΛCDM until τ ζ . After this time, both components are tightly coupled, they will be dragged by each other so that their relative velocity drops (see Fig. 3 ) and this further implies, according to Eq. (3.13), that the density contrast of DM freezes. This is the phenomenon that we observe in the numerical solutions shown in Fig. 4 . As one would expect, the growth of structures ceases earlier for larger values of the interaction constant. The middle-left panel of Fig. 4 shows the evolution of the DE density contrast (in conformal gauge) where we can confirm that the density contrast is much smaller than the DM density contrast, as one would expect from imposing that DE has c 2 s(DE) = 1. After the interaction becomes efficient, we thus have a system that resembles the baryon-photon plasma before recombination. One would then may expect to see acoustic oscillations very much like the BAO. This is in fact the case, but the amplitude of the oscillations in the DM density contrast for the DM-DE coupled system is very small as to be seen for the parameter range considered here. These oscillations are more apparent in the evolution of the velocity perturbations in Fig. 3 and in the density contrast of DE (left-middle panel of Fig. 4 ). In the middle-right panel we show the density contrasts of DM and DE today as a function of the scale k. In that plot we can again confirm that the DE density perturbations are small as compared to those of DM on all scales. Furthermore, we can see again that the acoustic oscillations in the DM-DE system appear more prominently in the DE sector, while in the DM are not visible for our choice of parameters. We see once more the suppression of the growth of structures on small scales for DM as compared to ΛCDM for the same set of cosmological parameters except for the strength of the interaction.
In the bottom-left panel of Fig. 4 we plot the evolution of the Newtonian potential. We can see how once the interaction becomes efficient, there is a suppression in the Newtonian potential. This suppression induces a time-variation of the Newtonian potential in addition to the one due to entering the DE domination epoch so that the interaction will give a contribution to the late-time Integrated Sachs-Wolfe effect, as we discussed above. The contribution of this effect to the total CMB power spectrum is negligible, but it can be more efficiently detected by cross-correlating the CMB with large scale structures or, more precisely, with galaxy surveys (see e.g. [90] [91] [92] ). In the bottom-right panel of Fig. 4 we show the cross-correlation between CMB and galaxies for the standard ΛCDM and the interacting model. We see how the signal is clearly enhanced as we increase the strength of the interaction and this enhancements is towards more positive correlations. We will not use ISW-LSS data to constraint the interacting model because that requires a careful account of the bias due to the existing degeneracy. For our interacting model, there is the additional contribution to the bias arising from the larger relative between baryons and DM that we have discussed above. However, it is clear that this observable has the potential to probe the type of interactions under consideration in this work.
Fit to observational data
After analysing the most important features of the evolution of the perturbations for the interacting model under consideration in this work, we will now proceed to compare it with cosmological observations. For that, we will run the Markov chain Monte Carlo code Monte Python [81, 82] , in order to obtained the corresponding constraints on the parameters of the interacting model. We will consider the following set of parameters in the MCMC analysis: where Ω (B),0 h 2 and Ω (DM),0 h 2 are the baryon and cold dark matter densities relative to the critical density respectively, θ s is the ratio of the sound horizon to the angular diameter distance at decoupling, A s is the amplitude of the primordial scalar perturbation spectrum, n s is the scalar spectral index, τ reio is the optical depth to reionization, w (DE) is the dark In this analysis we use six likelihoods: The Planck likelihood containing high-, lowand lensing data provided with the Planck Legacy Archive 2 [5] , the Planck-SZ likelihood for the Sunyaev-Zeldovich effect measured by Planck [93, 94] , the CFHTLenS likelihood with the weak lensing data [95, 96] , the JLA likelihood with the supernovae data [97] , the BAO likelihood with the baryon acoustic oscillations data [98, 99] , and the BAORSD likelihood for BAO and redshift-space distortions (RSD) measurements [87, 100] .
The obtained constraints on the cosmological parameters, considering the combined "Planck + Planck-SZ + CFHTLenS + JLA + BAO + BAORSD" data set, are shown in H 0 Figure 5 . The one-dimensional posterior distribution and two-dimensional posterior contours with 68% and 95% confidence limits from the "Planck + Planck-SZ + CFHTLenS + JLA + BAO + BAORSD" data set, for the selected cosmological parameters of the interacting model. Table 1 , for the standard ΛCDM and the interacting models. The corresponding confident regions and marginalised posterior distributions are shown in Fig. 5 . We find two very remarkable results that should be highlighted. The first one is the lower value of σ 8 with respect to ΛCDM. This can be understood because, as we have seen above, the tight coupling of DM to DE after the interaction becomes efficient prevents the clustering of DM, what in turn results in a suppression of the matter power spectrum and, therefore, a lower value of σ 8 . What is important about this is that the interaction does not affect the background and, therefore, the power suppression in the formation of structures is genuinely caused by sub-horizon physics and not at the expense of lowering the value of Ω M . As a matter of fact, the preferred value of Ω M for the interacting model is slightly higher than that of ΛCDM.
This clearly signals the importance of the interaction in order to lower σ 8 and how efficient the DM-DE coupling is for that. This result is then in the right direction to alleviate the σ 8 tension of Planck data and galaxy surveys. Our results are along the lines of the findings in [50] .
The second remarkable result we obtain is that a vanishing coupling parameter is clearly excluded at more than 3σ. If taken seriously, this would imply a detection of an interaction between DM and DE and, as a consequence, the ΛCDM would be ruled out as compared to the interacting model. In other words, a Bayesian model comparison analysis would tend to favour the interacting model over ΛCDM. Notice that the interaction only introduces one additional parameter with respect to ΛCDM, so it should not be very penalised in the computation of the corresponding Jeffrey's factor. As a matter of fact, we find χ 2 ΛCDM = 11983.8 and χ 2 interacting = 11960.7 for the best fit values, what represents an improvement of ∆χ 2 23. However, one should be cautious when claiming a detection of an interaction as the one obtained here, since one should include more observational tests before drawing a definitive conclusion as well as performing a more careful and exhaustive analysis. In any case, this result is very suggestive and motivates further exploration of these interacting models.
It is also worth commenting on the preferred value of the optical depth that is higher for the interacting model than in ΛCDM (at more than 1σ) and, accordingly, the reionization redshift corresponds to an earlier epoch. Due to the degeneracy of the optical depth with the primordial scalar amplitude, the higher value for τ reio is accompanied by a larger A s so that the higher primordial power is compensated by a larger opacity during reionzation. This seems to be the preferred situation in the presence of the interaction with respect to ΛCDM. Since polarisation is more sensitive to the reionization epoch, including polarisation data could bring τ reio closer to the ΛCDM value.
Discussion
In this work we have explored an interacting model of DM and DE such that the background cosmology is not modified and the interaction only affects the perturbations when they enter the horizon. This is achieved by introducing a coupling between the dark components proportional to their relative velocity. Thus, assuming that they have a common large scale rest frame, only when peculiar velocities are developed the interaction can have an effect. Furthermore, the efficiency of the interaction, as in most interacting systems in cosmology, crucially depends on whether the interaction rate is larger or smaller than the Hubble constant. We have assumed a constant coupling that leads to a growing interaction rate with respect to the Hubble expansion rate so that the system inefficiently interacts in the early universe and only at late times the interaction becomes efficient. At this point, the DM-DE system behaves as a single fluid with a common velocity. This causes the growth of DM structures to cease and produces a suppression of the matter power spectrum on small scales which, in turn, allows for a lower value of σ 8 without modifying the background cosmological parameters and can alleviate the observed tensions. Interestingly, it is in fact possible to lower the value of σ 8 with respect to ΛCDM even for higher values of Ω M (keeping all other cosmological parameters fixed). Another interesting result that we have obtained is that the turnover of the matter power spectrum can be shifted towards larger scales for the same values of the cosmological parameters. This is a very distinctive signature of the interaction considered here different from most models where the turnover is robustly determined by the equality scale. Finally, since at recent times the DM is dragged by the DE component while baryons are not, this model also predicts the appearance of an additional motion on small scales between DM and baryons. This may affect the bias factor and, moreover, it may induce a mismatch between the center of the galaxies and that of the corresponding DM haloes.
We have run a full MCMC to confront the predictions of the model to cosmological observations and we have obtained better agreement than ΛCDM. From our analysis, we have obtained nearly the same values for the cosmological parameters as in ΛCDM (within 1σ), which is consistent with the fact that we are not modifying the background cosmology. However, the improved fit arises because we have obtained a preferred lower value of σ 8 , also in accordance with our expectations from the analytical analysis and the numerical results. Interestingly, we have obtained a preferred non-vanishing value for the interaction between DM and DE, with the vanishing coupling corresponding to ΛCDM excluded at more than 3σ. Of course, it is not possible to make any strong claim at this point, but our results encourage to further investigate this family of interactions in the dark sector. As we have noticed several times throughout this work, some distinctive signatures of the interaction considered here are shared by models where the DM sector is coupled to a thermal bath of dark radiation independent of the DE sector. These models can further alleviate the H 0 tension due to the presence of extra-radiation at the background level (see e.g. [87] ). Some of the similarities can be attributed to the fact that we have assumed DE to have c s(DE) = 1 so it (nearly) behaves as a relativistic fluid at the perturbative level, but (nearly) as a cosmological constant at the background level. It would be interesting to study to what extent both frameworks could be merged or combined so that the tensions are alleviated without resorting to additional radiation components, but rather a modified DE sector. This is left for future work.
